is associated with morbidity and mortality. Adoptive T cell immunotherapy has been used to treat viral reactivation but is hardly feasible in high-risk constellations of CMV-positive HSCT patients and CMV-negative stem cell donors. We endowed human effector T cells with a chimeric immunoreceptor (cIR) directed against CMV glycoprotein B. These cIR-engineered primary T cells mediated antiviral effector functions such as cytokine production and cytolysis. This first description of cIR-redirected CMV-specific T cells opens up a new perspective for HLA-independent immunotherapy of CMV infection in high-risk patients.
Primary infection by human cytomegalovirus (CMV) and reactivation of latent virus are major problems after hematopoietic stem cell transplantation (HSCT), resulting in inflammation of a wide range of organs, systemic disease, and an increased rate of graft-versus-host disease (GvHD) (3, 5, 21) . Antiviral chemotherapy with nucleoside analogs is used prophylactically and preemptively in the early phase after transplantation, but long-term treatment is often associated with toxicity, selection of resistant virus variants, and the inability to prevent all CMV-associated complications (4, 7, 28) . Sustained control of latent CMV infection depends on the restoration of a functional antiviral immune response (15, 25) .
Adoptive T cell transfer has been used successfully to bridge the critical phase of delayed or insufficient antiviral response in patients with immune suppression. In CMV and Epstein-Barr virus (EBV) infection, the adoptive transfer of ex vivo-expanded, donor-derived, virus-specific T cells reduced virus titers in the recipient to levels similar to those in immunocompetent, healthy, seropositive controls (10, 23, 29, 31) . Ex vivo expansion of these cells can be carried out by different procedures (9) . In naïve seronegative persons, however, virus-specific T cells occur at very low frequencies, generally insufficient for expansion.
As an alternative, T cells can be grafted with defined specificities using recombinant immunoreceptors (11) . The receptor specificity is determined by extracellular single-chain fragments of the variable region (scFv) that recognize predefined antigens and can easily be altered by selecting an appropriate scFv (16) . Recombinant immunoreceptors have been successfully developed against a number of tumor antigens (16) but against only a few viral proteins from HIV and hepatitis B virus (6, 20, 22) and not against CMV.
In human CMV infection, the analysis of the physiological cytotoxic T lymphocyte (CTL) response has been focused on a limited set of proteins, namely, the proteins pp65, IE1, and IE2; recent and more extensive studies have shown that glycoprotein B (gB) as well as other CMV glycoproteins is also able to evoke adaptive T cell responses (32, 34) . Notably, the CMV gB is expressed at the cell surface during the early or delayed early phase of CMV replication, even in the presence of clinically used inhibitors of viral DNA replication (33) .
We hypothesize that engineered T cells with specificity for CMV gB have the potential to control CMV infection by specific elimination of infected cells. The time course of gB expression at the surfaces of infected HFF cells was investigated by flow cytometry with gB-specific antibody 27-287 and an anti-mouse immunoglobulin (Ig) Cy5 secondary antibody. Whereas surface expression of CMV gB could be confirmed 48 h after infection (Fig. 1A) , one single replication cycle of CMV in cell culture required about 4 days, as detected by quantitative PCR. Supernatants from CMV strain Ad169-infected HFF cells were harvested, debris was removed (720 ϫ g, 10 min), and the virus was pelleted (18,600 ϫ g, 2 h, 4°C). Pellets were subjected to proteinase K digestion (100 g/ml, 50 min at 56°C and 10 min at 95°C) and analyzed by quantitative real-time PCR (CMV5Ј, AAGCGGCCTCTGATAA CCAAG; CMV3Ј, GAGCAGACTCTCAGAGGATCGG; 6-carboxyfluorescein [FAM]/6-carboxytetramethylrhodam- Construction of an scFv. RNA was isolated from the hybridoma cell line 27-287, which produces an antibody against CMV gB. cDNA was generated, and the antibodies' variable regions were amplified by PCR, cloned, and sequenced. This was followed by fusion with specific primers in an overlap extension PCR. PCR products were cloned into the vector pBullet #607 (14) , which already contained the cIR signaling domains, and sequenced. Vh, variable region of immunoglobulin heavy chain; Vl, variable region of immunoglobulin light chain. (C) Specific binding of 27-287-scFv-myc (gB-scFv-myc) protein to CMV gB was monitored by Western blotting. Protein lysates of uninfected and CMV-infected HFF cells were prepared in radioimmunoprecipitation assay (RIPA) buffer. Twenty micrograms of protein was used for SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) membranes, blocked, and incubated (1 h) with the 27-287 hybridoma supernatant or the pCDNA4-27-287-scFv-MH-transfected 293T cell supernatant. gB-scFv-myc protein was detected with anti-myc antibody and anti-mouse horseradish peroxidase (HRP) antibody; 27-287 monoclonal antibody (MAb) was detected with anti-mouse HRP antibody by enhanced chemiluminescence and documented with a Fuji LAS-1000 system. (D) Schematic representation of a chimeric immunoreceptor. The extracellular gB scFv was fused to an Ig hinge region and intracellular signaling domains of the CD28 and CD3 cDNAs.
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ine [TAMRA]-labeled CMV probe, CATGCAGATCTCCT CAATGCGCGC). CMV gB is thus accessible on the surfaces of infected cells before the viral replication cycle is completed and virus release and spreading occurs. T cells were redirected against an immunodominant gB epitope which is conserved between various CMV strains and clinical isolates (17) . A functional single-chain antibody molecule (gB scFv) (Fig. 1B and C) was derived from the hybridoma cell line 27-287 by PCR with specific oligonucleotides (Vh27-287f, 5Ј-GCCACCATGGAATGCAGCTGGG TCTT-3Ј; Vh27-287rLINKER, 5Ј-ACCCGACCCGCCACC GCCCGATCCACCACCTCCTGAGGAGACGGTGACTG AGG-3Ј; Vl27-287fLINKER, 5Ј-TCGGGCGGTGGCGGG TCGGGTGGCGGCGGATCTGACATTGTGCTGACAC AGTCTCCT-3Ј; and Vl_rBamHI, 5Ј-GGATCCCCATCAG CCCGTTTTATTTCC-3Ј) and cloned into pSTBlue-1. The scFv was excised with PmlI and BamHI and cloned into the pBullet #607 vector (14) . The resulting chimeric immunoreceptor (cIR) consists of variable regions of the gB scFv molecule, an Ig hinge region, CD28 transmembrane and costimulatory domains, and signal-transducing elements of the CD3 chain (Fig. 1D) . For lentiviral expression, the gB cIR was excised from the pBullet vector by HincII and EcoRV and cloned into the PmeI site of the pWPI vector. Lentiviral vector particles were generated by transfection of 293T cells with a three-plasmid HIV-derived lentiviral system using Lipofectamine 2000 (Invitrogen) with plasmids pWPI, psPAX2, and pMD2.G (D. Trono, Geneva, Switzerland) in a molar ratio of 4:3:1. Supernatants were concentrated by ultracentrifugation for 2 h at 4°C and 20,000 rpm in a Beckmann SW28 rotor and used for infection of lymphocytes (3 ϫ 10 6 cells with 3 g p24). This transduction of Jurkat and primary human T cells resulted in high cIR surface expression (Fig. 2) . Engineered T cells were specifically activated by the gB cIR since lentivirally transduced T cells cocultured with CMV-infected HFF cells produced large amounts of gamma interferon (IFN-␥), whereas untransduced T cells showed only background amounts of cytokine production (data not shown).
As an alternative strategy, we expressed the anti-gB cIR by RNA transfer (1). Electroporation of GMP-grade cIR RNA has several advantages over lentiviral vectors with regard to its use in clinical trials (35) . Persistence of transferred RNA and therefore of cIR expression is limited to a period of several days. It does not raise the issue of gene vector safety, nor does it require additional safety measures, such as the inclusion of a suicide gene. On the other hand, the shorter expression period following RNA transfer might necessitate repeated transfer of RNA-transfected effector T cells. The cIR constructs were excised from the pBullet vector and cloned into the vector pST1 (13) . RNA ivT was obtained with the mMessage mMachine T7 Ultra mRNA in vitro transcription kit (Ambion) using a linear DNA template derived from the vector pST1. T7 RNA polymerasemediated in vitro transcription yielded respective mRNAs with two RNA-stabilizing 3Ј ␤-globin untranscribed regions (UTRs) and a 120-nucleotide (nt) poly(A) tail (Fig. 2A) . Electroporation of 8 g of mRNA (500 V, 5-ms square-wave pulse, 4-mm cuvette) resulted in high-level cIR expression in Ͼ97% of cells as detected with a goat anti-human Ig Cy5 antibody (Fig. 2B) . cIR surface expression lasted for 7 days, although with decreasing expression densities over time (Fig. 2C) .
Coincubation of gB-cIR-expressing T cells with infected HFF cells resulted in specific production of tumor necrosis factor (TNF) and IFN-␥ in T cells of CMV-seronegative donors (Fig. 3A) . Intracellular staining with an anti-human TNF antibody confirmed that only gB-cIR-expressing T cells, and not T cells with irrelevant cIR, responded to stimulation with CMV-infected HFF cells with production of TNF (Fig. 3B) . Moreover, coincubation of gB-cIR-engineered T cells with infected HFF cells led to specific degranulation, as estimated by CD107a surface staining (Fig. 3C) . gB-cIR-expressing T cells are able to kill gB-positive (gB ϩ ) target cells efficiently at a low effector-to-target (E/T) ratio of 2.5:1. Carcinoembryonic antigen (CEA)-cIR-carrying T cells showed no cytotoxicity toward gB ϩ cells (Fig. 3D) , illustrating again the specificity of target recognition.
We assume that targeting gB by cIR-redirected T cells, engineered by lentiviral or RNA-mediated gene transfer, has the potential to prevent CMV replication and limit the spread of CMV in vivo. Murine CMV (MCMV) is the established and convenient model for acute and persistent herpesviral infection (27) . However, preclinical animal studies of the MCMV model would be complicated by the fact that the MCMV gB homolog shares only poor sequence similarity to human CMV gB. This precludes cross-reactivity of reagents specific for human CMV gB. Moreover, the MCMV gB gene is a true late and lytic gene (26) , thereby differing significantly from the human CMV gB gene. Although beyond the scope of this paper, it is conceivable that one could develop a model based on a recombinant MCMV expressing the human CMV gB. Such an approach would still be complicated by the fact that MCMV gB cannot be simply replaced by human CMV gB in functional terms and would further require appropriate transcriptional regulation of gB expression. Rhesus CMV (RhCMV), another model of acute and persistent cytomegalovirus infection, is more closely related to human CMV (30) . RhCMV gB is similarly processed and shares higher homology to human CMV gB (24) . RhCMV gB transcription and expression patterns are not known in detail, and further studies on this promising macaque model are required to determine its suitability in this setting. Nevertheless, the potential use of our cIR in an RhCMV infection model warrants further studies, as the antibody 27-287 has shown cross-reactivity with RhCMV gB (18) .
The strategy of eliminating CMV-infected cells by cIR-redirected T cells has the advantage of HLA-independent recognition of gB. This is of particular relevance since CMV has evolved several efficient mechanisms to downregulate the major histocompatibility complex (MHC) (8) and to prevent peptide presentation (12) . The anti-gB cIR, however, enables the cytotoxic T cell to recognize gB on the cell surface, independently of processed antigen presentation by the MHC. This principle is not used by naturally occurring adaptive T-cell immunity; CMV has thus not been under selective pressure to evolve a counterstrategy.
A further concern may be the blockade of the cIR by soluble antigen, e.g., viral particles containing gB. However, the load of human CMV particles in infected individuals is low, virus is mostly cell associated (2), and soluble forms of gB or shedding from the surfaces of cells or particles have not been reported despite extensive research. It was shown that cIR function of T cells redirected against tumor antigen is unimpaired by soluble protein present in serum (14, 36) .
Taken together we show that CMV gB, which is expressed by infected cells early in the replication cycle, is an attractive target for redirected, engineered T cells endowed with a spe- Cytotoxicity assays were performed as described previously (19) . Specific lysis was calculated by the formula percent lysis ϭ (experimental counts Ϫ spontaneous release) ϫ 100/(maximum release Ϫ spontaneous release). Data represent the means of results of triplicates plus SD. 
